IN spite of the very great amount of material available from studies of nerve injuries in man we still have little thoroughly reliable information as to the factors which influence the degree of final recovery.
Diagnosis, prognosis, and therapy of nerve lesions would be easier if there was less doubt about the variables which control the speed and degree of recovery. This paper reports the results of an attempt to define more exactly the influence on final recovery of (1) the nature of the lesion, (2) its level, (3) interference with blood supply of the limb, (4) age of the subject, (5) infection, and (6) delay of suture. Study of clinical material has failed in the past to provide answers to these questions mainly because the variables were so numerous. The cases generally have followed war wounds or accidents; the nerve has been injured over varying lengths; the blood supply has been damaged or there has been infection; surgical treatment has varied from case to case and many other factors have been involved which have made comparisons of clinical cases difficult or impossible. Experiments can avoid some of these uncertainties, but they must be arranged so that the criterion of recovery gives a real index that the nerve and muscle have returned to a useful functioning biological unit. Previous estimates of return of motor function in animals following injuries to limb nerves have been mostly restricted to observations of either the return of muscular contraction in response to electrical stimulation of the affected nerve, the so-called " indirect " electrical excitability, or of the restitution of normal use in the affected limb. The reports of the return of indirect excitability may be of two kinds: (a) statements that electrical excitability was present after a certain time (Kilvington, 1908) , or (b) a series of observations made at different times, the earliest positive observation indicating roughly the time of onset of this type of recovery (Holobut and Jalowy (1936) , Howell and Huber (1892), Bentley and Hill (1936) complete," and these processes may not be over even though many of its fibres have made connections with the periphery, and the muscle responds when the nerve is stimulated electrically (Gutmann et al. (1942) ). Thus it is possible for a return of indirect electrical excitability to take place without any return of motor function. Clinically, the important entity is the voluntary or reflex movement. Observations alleging " functional recovery " in animals based upon a return of indirect excitability in the absence of evidence of return of voluntary movement have a limited value only. Most observations on the return of voluntary movement take the form of a statement to the effect that the gait of the affected limb eventually became normal. Such observations have been recorded after using nerve grafts (Ingebrigsten (1916) , Nageotte (1922) ) as a test for the effect of electrotherapy (Friedlander (1896) , Chor et al. (1939) ) and of nerve crossing (Howell and Huber (1892) , Osborn and Kilvington (1911) , Kennedy (1913) , and Barron (1934) ). The main defect of observations on gait is that they take no account of the recovery of voluntary movements in individual muscles innervated by the operated nerve, and thus it is not possible to estimate at all accurately the time of onset of recovery in these muscles. At most one may roughly estimate the time of the appearance of a generalized co-ordinated result of the heteroinnervation of muscle endings. This is especially noticeable after nerve crossing (Barron (1934) , Sperry (1941) ), but it may occur to a certain extent following division and suture of a nerve (Watrous and Olmsted (1941) ).
Both in man and other mammals it is possible that this inco-ordination may be partly overcome by a process of readjustment in the centres concerned (Watrous and Olmsted (1941) ). But this readjustment takes place in the period immediately following the incidence of motor recovery. Therefore observations on gait dating the onset of recovery as the time of commencement of co-ordinated movement will be overestimates, for such times include both the actual time of recovery and the time required for "relearning." In addition, many synergic groups of muscles collaborate in walking movements, and may give an appearance of recovered function in cases where recovery has in fact not taken place. Thus improvement or recovery of function has been recorded at a time when no regenerating fibres could possibly have arrived at the muscle (Friedlinder, 1896) . Observations on the recovery of gait are therefore not con- clusive or exact tests of the recovery of voluntary movement. A more reliable estimate of the time of onset and progress of recovery of voluntary movement following nerve repair in animals may be made by restricting observations to the function of a small group of muscles known to be innervated by the nerve whose recovery is being followed, and whose action cannot be imitated by any other set of muscles (for example Bender and Fulton (1939) , after section of the oculomotorius nerve in Macacus). In this way onset of recovery may be accurately dated, and errors due to trick movement avoided. The difficulty is to find a movement which meets these conditions, which may be easily elicited and which may allow frequent examination of the animals essential for the study of onset of recovery.
In order to test factors influencing the recovery of motor function, and to follow the different stages of the process of recovery, it is first necessary to use a standard method of interrupting the nerve. Such methods as cutting the nerve without suturing (Holobut and Jalowy (1936) , Friedlander (1896)), injecting the nerve with alcohol (Wolf, 1940) Perroncito (1908) , when comparing the constant results obtained from anatomical data with the " immense contraindications and variations of the physiological experiment" stated that " questions of anatomical regeneration of nerves and of functional healing although connected have to be considered separately."
The method of crushing a nerve offers the minimum variation in the time of onset of recovery, and may be thus used with advantage when factors influencing the progress of recovery are being studied. Lee (1929) 
Methods
Movements which may be elicited reflexly have been chosen as tests indicating onset of recovery of motor function. Postural reflexes have been found to be especially useful. In most of the experiments to be described observations have been made mainly on a small group of muscles innervated by the peroneal nerve of the rabbit, the function of which is to spread three of the toes of the hind limb. These muscles may be caused to contract reflexly as first observed by Langley (1915) in cats, by holding the animal by the loose skin of the back and then suddenly lowering it. The muscles involved in this reflex are the small peroneals (Mm.
peronei II, 1II, IV) innervated by the peroneal nerve, and the M. abductor hallucis innervated by the tibial nerve.* The peroneal muscles spread the second, third, and fourth toes, while abduction of the first toe is a function of the M. abductor hallucis. Reflex spreading of the 2nd, 3rd, and 4th toes thus constitutes an index of peroneal nerve function, while reflex abduction of the first toe characterizes tibial nerve function. Following section of the peroneal nerve there is a loss of ability to spread the 2nd, 3rd, and 4th toes which cannot be simulated by a " trick " movement. During regeneration of the peroneal nerve the first response is a mere flicker of the 4th toe; the spreading increases in amount from day to day, gradually involving the 2nd and 3rd toes. By the use of an arbitrary scale, which may be called the " spreading index," it has been possible to make a rough estimate of the state of recovered function.
Degrees of spreading have been ind-icated as follows: degree 1, just visible spreading of the 4th toe alone, sometimes also of the 2nd and 3rd toes; degree 2, slight spreading of all toes; degree 3, spreading of all three toes, but less than elicitable in the normal animal; degree 4, full spreading of all three toes equal to normal as determined before operation or by comparison with the opposite and control side. By means of daily examinations the progress of recovery in a single case, and the difference in the final degree of recovery attained after different procedures may be estimated. Note has also been made of the progress of recovery of the other muscles innervated by the peroneal nerve, so as to allow comparisons between the recovery of muscles with nerves of different lengths. Other criteria of muscle recovery have been examined, namely (1) the indirect excitability or response to electrical stimulation of the nerve either (a) through the skin, or (b) after exposure of the nerve; (2) the direct excitability of the muscle; (3) the circumference of the limb in the region of the denervated muscles; (4) the weight of the muscles; (5) the disappearance of fibrillation.
The animals used have been rabbits of various ages and races, including some of a month old, which have given evidence about the effect of age on recovery rate.
The nerve lesions have been made by aseptic operation under nembutal-ether anesthesia when the nerve has been interrupted by one of four ways: (1) by repeated crushing at a single point by a fine smooth-tipped watchmaker's forceps; (2) by severance with scissors followed by suture with cockerel plasma (Young and Medawar, 1940) ; (3) by severance with scissors followed by suture with fine white silk stitches; or (4) by repeated crushing with forceps over a considerable length (4 cm.). (Fig. 1) in 6 animals, in which a control side had been left for comparison. This over-functioning, which may be expressed as degree 5, is only a temporary phenomenon, and after reaching a maximum about 1 to 3 weeks after the onset of recovery subsequently declines until the movement is of normal extent (see Fig. 2 ). This over-functioning may be due to the excessive early innervation (Boeke, 1916) , and its later correction may indicate that the initial number of fibres is later reduced. As explained above, it is difficult to determine the exact amount of recovery of the other muscles supplied by the peroneal nerve. Dorsiflexion of the foot usually appears about one week after the first appearance of spreading. It increases in strength in the next few days and becomes normal after about 1 to 2 weeks.
FACTORS AFFECTING RECOVERY AFTER NERVE LESIONS

Recovery of Indirect Excitability
For some time before reflex functioning returns the muscles will contract when the nerve is stimusuccessive contractions of the muscles according to their distances from the lesion may be obtained. lated with a faradic current. The time of onset of this indirect excitability has been investigated in a series of animals in which the peroneal nerve has been crushed at the knee. Fig. 3 shows the results from 36 animals in which the peroneal nerve has been crushed at the level of the knee and then exposed for faradic stimulation with bipolar electrodes a number of days before recovery had been expected. In addition the figure shows the times at which recovery of the functions of spreading and dorsal flexion have been seen after such lesions. The muscles begin to respond in the order of their distances from the lesion, the order being the M. peroneus longus, M. peroneus secundus, M. peroneus quartus, M. peroneus tertius, and finally M. tibialis anterior and M. extensor digitorum. (Gutmann and Sanders, 1942 ) the failure to show a regular increase in circumference had raised the suspicion that no union had been made. Necropsy confirmed that this has been the case.
WEEKS AFTER OPERATION FIG. 5.-Average of the changes in circumference of the leg after crushing the peroneal nerve, calculated from 12 cases. The dotted line indicates the average time of first appearance of reflex functioning in these cases.
Electrical Excitability of the Muscles
Faradic stimulation of the muscle, either directly on the exposed muscle or through the skin, has always produced a response, even 8 months after denervation. Observations have been made on the threshold necessary for eliciting visible function (pronation, abduction of the 4th toe and dorsiflexion of the foot), and for the visible contraction of the muscles. After interruption of the nerve the threshold declines for 2 to 3 days and then increases. During the process of regeneration the thresholds fall again before onset of functional recovery. Some weeks after recovery following crushing of the nerve thresholds lower than that before operation have been observed in a few cases. The changes in threshold, however, are not great, and in view of the considerable strength of stimulus necessary to excite the muscles little reliance is to be placed on this method.
Cessation of Fibrillation
Fibrillations may be readily seen by light reflected from the surface of the muscles. Fibrillation does not cease with the return of indirect excitability or reflex function. About 1 week after return of the spreading reflex, when dorsiflexion is returning, fibrillations may be seen in all muscles, most prominently in M. extensor digitorum and in M. tibialis anterior. Two weeks after the appearance of spreading, fibrillation disappears from the peronei but may persist for 2 weeks in the two more distal muscles. Presumably, therefore, fibrillation only ceases in a given muscle fibre when it becomes innervated, a process which occurs progressively throughout each muscle.
Observations on the Weight of the Muscles
The peroneal nerve has been crushed on one side either, in one series, just before its entry into the M. peroneus longus, or, in another series, high up in the thigh about 110 mm. from the muscle. Necropsy has then been performed either at the moment of recovery of spreading, or, in other animals, at intervals of 1, 2, 3, 4, 6, and 12 weeks after recovery. The M. extensor digitorum and M. tibialis anterior have been excised and weighed. The muscles removed from the living animal have been placed in a Petri-dish on Ringer-soaked gauze and weighed after blotting twice with filter paper. Summary of the Process of Recovery By comparing a number of aspects of recovery after standard lesions at a standard distance a clear picture is obtained of the sequence of events. When the lesion is a crush made 20 mm. fi-om a muscle, say the M. peroneus 1l, new axons arrive in the muscle 10 days after injury (Gutmann et cal., 1942) . Soon after this the direct excitability of the muscles ceases to fall, while at the same time the circumference begins to increase, and the first muscle fibres begin to respond on nerve stimulation. The weight of the muscles increases slowly and is nearly normal 12 weeks after recovery. The first sign of reflex functioning appears some 5 days after onset of indirect excitability, and the power of the muscle continues to increase until it reaches normal about a week after the first reflex contractions, though it may become supernormal for a short time. The increasing extent of the movement during the days after its first appearance is presumably a result of increasing numbers of muscle fibres which become innervated. MIDDLE OFTHIGH the muscles-7 cases. The distances of the lesions from the entry to M. peroneus II are about 105, 40, and 20 mm. The progress of increase in the spreading reflex has been examined carefully in each case. By taking the average of the degree of spreading shown by all the animals of each set at each day after the beginning of recovery a clear picture of the process of recovery may be obtained (Fig. 7) . It will be seen that the recovery of spreading is distinctly slower with the lesions more distant from the muscles, the complete recovery (degree 4) being reached at an average of 8 days in Group A, 8-4 days in Group B, and 13 5 days in Group C, after the beginning of recovery. It seems that the time between arrival of fibres at the muscle and onset of indirect excitability and recovery of function is longer after high than low crushes. The first fibres arrive in low lesions (20 mm. from the muscle) after 10 days, in lesions of the middle of the thigh (48 mm. from the muscle) after 16 days, and in high lesions (100 mm. from the muscle) after 27 days (Gutmann et al., 1942 days. The times of recovery are more variable than after crushing and the value of the estimate of rate is correspondingly reduced. The figure given is lower (though not significantly) than that given previously (Gutmann et al. (1942) ) and considerably lower than the 2-6 mm./day obtained by considering paired data of high and low sutures in the same animal. The points shown in is a chart of time of first recovery plotted against the distance of lesion in 69 cases, including those already discussed by Gutmann et al. (1942) , and 31 others. From these data the rate of advance of regeneration to a level of functional completion sufficient to enable spreading to be performed is given as 2-77±0-09 mm./day. The latent period before functional completion begins to advance beyond the lesion is 18-2 days. These figures, since they include further data, are to be preferred to those already given by Gutmann et al. (1942) , from which they show no statistically significant differences.
The point to be emphasized is that these points lie remarkably close to a straight line. If recovery of the nerve be relatively more slow in the distant lesions there would be a falling off in the upper part of the curve. The absence of any sign of this shows convincingly that with the distances and functions here considered the rate of recovery of the nerve is nearly constant. We conclude, therefore, that over the distance here considered the level of the lesion has no effect on the rate of nervous regeneration. The improvement after first appearance of recovery is, however, slower with the more distant lesions, probably partly because of greater some in which recovery has been much delayed; in these cases histological examination has shown that poor junctions have been made. These points tend to make the estimate appear low, but they are included here to show the full extent of the variability.
The increase in degree of spreading after its first appearance proceeds much more slowly than after crushing the nerve. Although some of the animals have been observed for as long as a year after suture, in no case has full recovery of spreading ever occurred. Fig. 10 shows a typical case of the progress of recovery and should be compared with Fig. 2. Fig. 11 of the values of circumference in an animal in which the peroneal nerve has been crushed on one and sutured on the other side at the level of the middle of the thigh. Fig. 14 
After crushing the pei-oneal nerve the days after operation ai-e 1 96 gni. on th the low and 1 66 gin. on the side wit lesions. After suture, therefore, all processes ai-e slower than after crLishing the nerve a longer delay before fLinctionally coIm1 begin to advance down the nerve and th( is more slow. There is also a longer del (Fig. 15) , but has varied in the 3 animals. lity, and a In one animial this difference was still manifest liriect excit-200 days after-operation. At necropsy no differ-ence ,,gree of the has been fouind between the miuscle weights of the ile of these two sides, these being 3-21 gnin. on the side with the ver advance nar-row crush and 3-28 gin. on the side with the LitUres than extensive cr-ush. Some differ-ences in the thr-esholds e fibr-es ar-e OCCUr, for the coil distance above the CruLshes was have grown 92 cmi. on the side wivth the single nar-row CruLsh ondition of and 56 cmi. on the side with the extensive CruLsh.
.-ir adv,ance These data SuIggest that the r-eason for-the differ-ences eral Stumnp. miay be found in an inSuIffiCient numnber-of the ner-ve diffibrences fibr-es re-connected with appropriate pathways on i-of fibr-es the side with the extensive crutsh. Ther-e is, how-A further-ever, a clear indication, even fromi these few experi-l recovery is mients, that the final level of r-ecovery reached afterig channels, these long cruIshes is better-than that obtained afterthan after a SuIture, for in the formier the longitudinal pathways to be able in the nerve are preserved at least to a considerable iese factors, extent. xlis.
Recov,erv aifter ai sec-ond jinterruption.-In a series ,n operated of animals the process of recovery has been followed ,id SUtLIring after the nerve has been twice interrLupted. In each rabbit the peroneal nerve has been crushed or cut and sutured on one side near its entry into the muscles. In the animals in which the nerve had been crushed another operation was performed either before (8 and 16 days after the first operation) or after motor recovery (42 days after the first operation). In the animals in which a suture had been performed the second operation was undertaken after motor recovery (61 days after the first operation). The second operation has consisted in all cases in crushing the peroneal nerve on both sides at the same level above the first interruption (about 30 to 40 mm. from the M. peroneus longus). The distances have been controlled with care by measurements made at necropsy. The results show that the onset of recovery has been quicker on the side with the second lesion (see Table I ) when the first interruption has been a crush of the nerve. Little difference, however, has been found when the interval between the two operations has been only 8 days. On the other hand a constant difference has been found if the interval between the operations has been 16 or 42 days. On the side with two interruptions the degree of recovery has followed the normal sequence, the only difference being that a normal degree of recoverv has been achieved at a later time corresponding to the later onset of recovery. But in two animals in which the second operation has been performed 42 days after the first interruption the degree of spreading became less in, one animal as far as degree 1, about a month after full recovery. No explanation for this strange phenomenon is available. In the 3 animals in which the nerve has been cut and sutured at the first operation, recovery of motor function has been delayed after the second interruption. The degree of spreading has been similar to that usually seen after sutures, namely, degrees 2 and 3. However, as in the animals with late second interruption, there has been a regression in the degree of spreading. Originally it was thought that the difference in the degree of muscle atrophy due to the first denervation would retard the time of onset of functional recovery. That there is such a difference is seen on comparing the weights of the muscles of the two sides. But the greater atrophy does not, apparently, alter the earlier onset of recovery in the animals with the second reinnervation. From these results it is clear that it is easier for motor fibres to bring about a re-establishment of function after a second interruption, if both interruptions are made by crushing. It seems probable that this is due to the fact that after a second interruption more motor fibres arrive at the end organ. After an interruption of a nerve branching of fibres occurs (Watrous (1940), Howe, Tower and Duel (1937) (1892), Kennedy (1913) , Osborne and Kilvington (1911) ). Much more controversial is the question of whether normal co-ordinated movements of hetero-innervated structures takes place following cross unions. Earlier authors (Kennedy (1913) , Osborne and Kilvington (1911)) have claimed that readjustment may take place, but their views have been strongly criticized by Cunningham (1898) and Sperry (1941) ). Watrous and Olmsted (1941), however, have shown that some such readjustment does indeed take place, although it is by no means complete. The experiments described here do not in themselves prove that after cross unions of nerves a central readjustment takes place, since the tibial nerve carries fibres to the M. abductor hallucis which contracts during the spreading reflex of the normal animals, and these fibres, innervating the M. peronei II, III, and IV, would thus be available to produce reflex spreading of the toes following tibial-peroneal cross unions. On the other hand, the absence of any reflexly elicited dorsiflexion of the foot suggests that little readjustment is possible.
Recovery after delayed suture.-The question if and to what degree the time and extent of motor recovery is influenced by a delay in suturing is of great clinical importance. Experimentally the problem is difficult to approach, since, in order to maintain the denervation, a long stretch of nerve must be resected and this fact makes a later suture of the two stumps under standard conditions impossible. In the experiments to be described an attempt has been made to approach the problem by use of cross unions.
At a first operation the peroneal nerve has been cut and resected over a long stretch to make reunion impossible. Even this procedure has not proved satisfactory; in one case it was found at a further operation that union had taken place. Therefore in later experiments the central stump has been injected with 20 per cent. formalin to prevent any reunion. After varying intervals of time (1, 2, 4, 6 , and 8 months) the tibial nerve has been cut and its stump sutured with plasma to the peripheral stump of the peroneal nerve. At the same time a primary suture of the tibial nerve into the peroneal nerve has been performed on the opposite and control side. This method of bridging a gap has the advantage that a suture may be performed under ideal conditions since a long stretch of nerve is available and retraction can be avoided.
But the quality of recovery is poor, for the degree of spreading obtained even on the control side (see above) is only 1 or 2. Nevertheless this technique provides a method for studying effects of delay in suturing. A necropsy has been performed in every case 3 months after the second operation, at times varying from 9 to 35 days after recovery.
The results of the experiments are given in Table II , together with the times of onset of recovery by the weights of the muscles and state of the skin. The thresholds of the nerve have been examined above and below the suture at the time of necropsy, and have been found to be higher on the twice-operated side. However, the differences are considerable only after long periods of degeneration. The fact that the threshold above the junction is higher after secondary suture presumably indicates that fewer fibres have reached the muscle. This, agreeing with the smaller degree of function which returned, indicates one of the possible disadvantages of delay in suturing peripheral nerves 5, 4, 40, 34, 44, 34, 30, 38, and 31 mm (Gutmann et al., 1942) (Stookey (1922 ), Tinel (1917 ). This observation and others led Hunt (1918) to postulate two sets of motor fibres such as Head, Rivers and Sherren had done for sensory fibres. These two sets of fibres, belonging to the " neo and paleokinetic motor systems," were considered to regenerate at different rates. But the difference in time between arrival of fibres in the end organ and functional recovery suggests that a process of functional completion (Gutmann et al., 1942) (Gutmann and Sanders (1942) increases for some time. Even after the full extent of movement has returned the regeneration is still incomplete, for the muscle continues for some weeks to increase in weight (Fig. 6 ), the rate of this increase presumably depending on the amount of use of the limb. Moreover, the nerve fibres themselves continue to increase in diameter for many months after functional recovery is apparently complete Sanders and Gutmann (1943) have shown that even 1 year after suture differences in diameter and number of fibres between central and peripheral stump are still great. Delay in recovery when a long interval is left between injury and operation has been observed by many authors (Stookey (1922) , Spielmeyer (1915) , Lewis (1920) ). On the other hand, Katzenstein (1913) reported successful recovery after 14 years, and Stopford (1920) stated that if sepsis can be excluded a delay of 12 to 18 months has no effect on the time of onset and on degree of recovery. The question of nervous regeneration after delayed sutures has been studied by Holmes and Young (1942) , who have shown that it is not the power of outgrowth which declines after a delay but that changes in the peripheral stump occur which definitely prejudice the maturation of the regenerating nerve fibres. The experiments here described indicate that the degree of recovery is worse after a delay before suturing and that differences in onset of recovery begin to be especially apparent after a delay of 6 months. The (Gutmann and Guttmann, 1943) . Longer distances of the nerve have to be reinnervated during recovery of the skin, and therefore there is greater opportunity for the effect of distance on regeneration to be shown.
Some authors (Howell and Huber, 1892, Stookey, 1922) have discussed differences in the speed of recovery of sensory and motor function. Decision on such questions is only possible if the distances from the lesion to the end organs are measured. After interruption of the peroneal nerve in rabbits motor recovery always sets in before sensory recovery, but this is to be expected, since the distance to the skin is longer than to the muscles. But the distance is not the only factor which has to be kept in mind. Although we may consider that the rate of growth of the tips of sensory fibres is the same as that of the motor fibres, this does not imply that the rate of functional completion is the same in both cases. One might expect that functional completion would be achieved more quickly in pain fibres, as these have a smaller diameter. Indeed, after crushing the peroneal nerve the apparent rate of advance of functional completion of motor fibres is 2 77 mm./day, that of pain fibres 3.35 mm./day (Gutmann and Guttmann, 1943) .
Differences in speed of recovery after crushing and after suturing might be best explained by the differences in the scar, the result being that less fibres and presumably less matured fibres arrive at the end organ at a certain time. In this connection the fact that a longer time elapses between arrival of fibres and onset of excitability after suturing than after crushing is of interest.
That the rate of functional completion of the nerve is not fixed is shown by the surprising fact that recovery occurs quicker after a second interruption of a nerve. The possible explanation of this is the advantage given by the surplus of Schwann cells produced by the second interruption.
These data all show that other factors besides the rate of growth of the tips of nerve fibres must be considered if estimates of speed of recovery of function and factors influencing it are to be discussed. They indicate again that recovery of motor function is a complex and prolonged process and cannot be adequately discussed in terms of a narrow concept of the process of regeneration merely as an outgrowth of axons. 
